Introduction
Charcot-Marie-Tooth disease (CMT) encompasses a group of mostly nonsyndromic inherited peripheral motor and sensory neuropathies, which are genetically heterogeneous and have a prevalence of ϳ17-40:100,000 worldwide-one of the most common neurogenetic disorders (Martyn and Hughes, 1997) . The X-linked form of CMT (CMT1X) is the second most common form among all CMT patients with a frequency of 7-18% (average 12% internationally) (Nicolaou et al., 2010; Braathen et al., 2011) . CMT1X is caused by Ͼ400 different mutations in the GJB1 gene that encodes the gap junction (GJ) protein connexin32 (Cx32). Cx32 forms both intercellular (between adjacent cells), as well as intracellular, "reflexive" (between layers of the same cell) GJs in both peripheral and central myelinating cells that play an important role in the homeostasis of myelinated axons. In vitro and in vivo models of the disease have demonstrated impaired formation of GJs by mutant Cx32 and that loss of Cx32 function accounts for the peripheral neuropathy. An effective therapy for CMT1X remains to be developed.
Clinical and pathological features of CMT1X
The clinical phenotype of CMT1X is characterized by slowly progressive weakness and atrophy starting in distal leg muscles. Difficulty running and frequently sprained ankles may be reported as initial symptoms, typically beginning by 10 years of age or earlier in most affected males (Birouk et al., 1998; Shy et al., 2007; Yiu et al., 2011) . Hands may be affected later on, particularly the thenar muscles. Sensory loss in distal limbs, sometimes combined with painful sensory paresthesias may also develop. Compared with affected males, heterozygous females may be asymptomatic, or may develop milder clinical manifestations at an older age, or at least have electrophysiological evidence or subtle clinical findings of peripheral neuropathy. However, exceptionally severe and early neuropathy phenotypes have been reported also in female CMT1X patients (Wicklein et al., 1997; Dubourg et al., 2001; Kuntzer et al., 2003; Karadima et al., 2004; Liang et al., 2005) . Thus, CMT1X is best described as an X-linked dominant disease (Kleopa and Scherer, 2006) . The variable phenotype in women may be explained by the random X-chromosome inactivation in each myelinating cell (Siskind et al., 2011) , so that different fractions of myelinating Schwann cells express the mutant GJB1 allele in each case .
Electrophysiological studies typically show intermediate or only mild slowing of motor nerve conduction velocities in the majority of CMT1X patients as well as distal axonal loss which progresses with age (Rozear et al., 1987; Hahn et al., 1990 Hahn et al., , 1999 Nicholson and Nash, 1993; Rouger et al., 1997; Birouk et al., 1998; Senderek et al., 1999) , but can be found even in young children (Yiu et al., 2011) . Thus, CMT1X is distinct from most other forms of demyelinating CMT1 that are caused by mutations in myelin-related genes expressed by Schwann cells.
Pathologically, sural nerve biopsy shows early axonal alterations and less prominent demyelination in CMT1X compared with other CMT1 types (Senderek et al., 1999; Hahn et al., 2001; Hattori et al., 2003) . Typical features include agerelated loss of myelinated fibers and, in parallel, an increasing number of regenerated axon clusters (Rozear et al., 1987; Hahn et al., 1990 Hahn et al., , 1999 Nicholson and Nash, 1993; Birouk et al., 1998; Sander et al., 1998; Senderek et al., 1998 Senderek et al., , 1999 Tabaraud et al., 1999; Gutierrez et al., 2000; Vital et al., 2001; . Many myelin sheaths are inappropriately thin for the axonal diameter, suggesting chronic segmental demyelination and remyelination or remyelination after axonal regeneration (Sander et al., 1998; Hahn et al., 2001; Vital et al., 2001; Hattori et al., 2003; . Ultrastructural studies have shown enlargement and widening of the adaxonal Schwann cell cytoplasm, myelin discompaction, and vesicle formation between degenerating innermost myelin layers (Senderek et al., 1999; Hahn et al., 2001; Kuntzer et al., 2003; , as well as increased packing density of axonal neurofilaments (Hahn et al., 2001 ). Thus, CMT1X shows more prominent axonal pathology and not the obvious changes of demyelination and remyelination that are typical for other demyelinating neuropathies, indicating that GJs formed by Cx32 are crucial for the axon itself as much as for its myelin sheath.
In addition to peripheral neuropathy, CMT1X patients often have asymptomatic evidence of CNS involvement, such as abnormal brainstem auditory evoked potentials (Nicholson and Corbett, 1996; Nicholson et al., 1998) . Moreover, CMT1X mutations have been increasingly associated with clinical CNS phenotypes. Signs of chronic corticospinal tract dysfunction such as spasticity, extensor plantar responses and hyperactive reflexes have been reported in patients with the A39V (Marques et al., 1999) , T55I (Panas et al., 1998) , M93V (Bell et al., 1996) , R164Q (Panas et al., 1998) , R183H (Bort et al., 1997) , T191 frameshift (Lee et al., 2002) , and L143P mutations. Duplication of amino acids 55-61 is associated with progressive cerebellar ataxia, dysarthria, and delayed central somatosensory responses (Kawakami et al., 2002) .
Acute transient encephalopathy syndromes associated with brain MRI changes have been described in CMT1X patients with the T55I, R75W, E102del, R142W, R164W and C168Y mutations (Panas et al., 2001; Paulson et al., 2002; Schelhaas et al., 2002; Hanemann et al., 2003; Taylor et al., 2003) . In most patients encephalopathy developed under conditions of metabolic stress caused by travel to high altitudes (Paulson et al., 2002) , febrile illness (Schelhaas et al., 2002; Hanemann et al., 2003) , hyperventilation (Srinivasan et al., 2008) , or concussion (Halbrich et al., 2008) . CNS dysfunction caused by GJB1 mutations has even been reported in childhood as early as 5 years of age (Siskind et al., 2009 ) and overall does not appear to correlate with the stage and severity of the peripheral neuropathy: in some cases it was the first manifestation of CMT1X, while in others with exceptionally severe neuropathy, no clinical CNS phenotypes were present.
Although many cell types express Cx32, peripheral neuropathy is usually the sole clinical manifestation of GJB1 mutations except for the occasional CNS phenotypes described above. The coexpression of other connexins in other tissues appears to provide at least partial functional redundancy that protects against the loss of Cx32. Oligodendrocytes, for example, coexpress Cx47, and at least in rodents, the loss of both Cx32 and Cx47 is far more deleterious than the loss of either one alone (Menichella et al., 2003; Odermatt et al., 2003) . However, loss-of-function mutations in GJC2 encoding Cx47 in humans cause PelizeausMerzbacher-like disease (Uhlenberg et al., 2004; Tress et al., 2011) . Thus, in humans and not in mice the loss of Cx47 alone produces a severe leukodystrophy. Although myelinating Schwann cells in rodents also express Cx29 (the human orthologue is Cx31.3), Cx29/Cx31.3 does not prevent the development of demyelinating neuropathy, likely because it does not form functional GJs Sargiannidou et al., 2008) .
Genetic and neurobiological basis of CMT1X
GJs are cell membrane channels found in most tissues, connecting adjacent cells or, in the case of the myelin sheath, different layers of the same cell (Bruzzone et al., 1996; White and Paul, 1999) . Channels are composed of two apposed connexons (or hemichannels) and each connexon is composed of a hexamer of connexin molecules arranged around a central pore. The GJ channel of ϳ1.2 nm diameter allows the transfer of molecules smaller that 1000 Da, including ions and second messengers, enabling metabolic cooperation, spatial buffering, and electrical coupling (Bruzzone et al., 1996) . Connexins belong to a family of Ͼ20 highly conserved integral membrane proteins that are usually named according to their predicted molecular mass (Willecke et al., 2002) . They are highly homologous with the same overall topology: a cytoplasmic N terminus, four transmembrane domains with ␣ helix structure, one intracellular and two extracellular loops, and a cytoplasmic C terminus (Bruzzone et al., 1996; Unger et al., 1999; White and Paul, 1999) . The first transmembrane domain forms the central pore (Maeda et al., 2009 ). The intracellular loop and C-terminal domain are the most divergent parts of the connexins and determine the differences in their molecular mass (Willecke et al., 2002) . The extracellular loops regulate the connexonconnexon interactions via disulfide bonds formed by conserved cysteine residues.
Cx32 is a myelin-related protein localized to non-compact myelin of incisures and paranodes. GJ-like structures were first observed by freeze-fracture electron microscopy at these areas (Schnapp and Mugnaini, 1978; Sandri et al., 1982; Tetzlaff, 1982) . The localization of Cx32 in the same areas by immunohistochemistry (Bergoffen et al., 1993; Scherer et al., 1995) suggested that Cx32 forms these GJs between the layers of the Schwann cell myelin sheath (Fig. 1) . This localization has Coexpressed Cx29 likely forms hemichannels in the innermost aspect of these areas adjacent to the axonal membrane and apposing voltage-gated potassium channels (VGKC). In the CNS, all oligodendrocytes express Cx47 in cell bodies and proximal processes, and Cx47 forms most O:A GJs, while both Cx47 and Cx32 form O:O GJs. In large myelinated fibers they coexpress Cx32, and in small myelinated fibers (data not shown), Cx29. Astrocytes connect with oligodendrocytes and other astrocytes mainly with Cx43 and Cx30. NF, Neurofilaments; MT, microtubule; N, node; P, paranode; J, juxtaparanode; VGNaC, voltage-gated sodium channels.
been confirmed by freeze-fracture replica immunogold labeling (Meier et al., 2004) . Diffusion of low molecular mass fluorescent dyes across the myelin sheath has been documented by fluorescence microscopy following injection in the perinuclear region of living myelinating Schwann cells (BaliceGordon et al., 1998) . This radial pathway formed by GJs at these locations would be up to a 1000-fold shorter than the circumferential pathway following the Schwann cell cytoplasm (Scherer et al., 1995) . Whether this shortcut is disrupted in CMT1X and how this disturbs the homeostasis of myelinated axons has not been fully elucidated.
Following the first report by Bergoffen et al. (1993) , Ͼ400 mutations in GJB1 have been described, predicted to affect all regions of the Cx32 protein (listed in http://www.molgen.ua.ac.be/ cmtmutations/). Only one of the reported amino acid changes is a polymorphism (Brozková et al., 2010) , indicating that most affected residues are highly conserved and indeed required for the normal function of Cx32. Many of the mutations have been reported more than once, either representing founder effects or mutational "hot spots" in GJB1. In a few CMT1X kindreds the entire coding region of GJB1 is deleted (Gonzaga-Jauregui et al., 2010) . In addition, several mutations in the noncoding 5Ј-untranslated region of the GJB1 gene likely abolish the expression of Cx32 by affecting the promoter or the translation of Cx32 mRNA .
Clinical studies of a large number of CMT1X patients with different GJB1 mutations have shown that disability increases with age, and that the degree of disability was comparable to that observed in patients with a documented GJB1 deletion (Shy et al., 2007) . Thus, different GJB1 mutations, including deletions and frame shift mutations, appear to cause a similar degree of neuropathy (Shy et al., 2007; Lin et al., 2010) , indicating that most GJB1 mutations cause loss of function. The results of clinical studies are in agreement with pathological studies showing that the severity of changes in CMT1X nerve biopsies are not associated with particular GJB1 mutations (Hahn et al., 2000; Nakagawa et al., 2001; Hattori et al., 2003) . Moreover, a GJB1 frameshift mutation caused a CNS phenotype similar to those caused by missense mutations (Sakaguchi et al., 2011) , suggesting that CNS phenotypes in CMT1X also lack any consistent genotype-phenotype correlation.
Models of CMT1X and the molecular mechanisms of Cx32 mutants
When expressed in Xenopus oocytes, many Cx32 mutants that cause CMT1X fail to form functional channels and some of them also exert dominant-negative effects on the coexpressed WT Cx32 (Bruzzone et al., 1994) . Other mutants form functional channels with altered biophysical characteristics, such as reduced pore diameter that may prevent the diffusion of second messengers like IP 3 , cAMP, and Ca 2ϩ (Oh et al., 1997) . The position of the Cx32 mutation alone does not necessarily predict the molecular and functional consequences, as the R15Q and H94Q mutants form normal functional channels, whereas R15W and H94Y do not (Abrams et al., 2001) . When expressed in mammalian cells with more stringent protein trafficking requirements, Cx32 mutants are often retained intracellularly, even if they form rare GJ-like plaques (Omori et al., 1996; Yoshimura et al., 1998; Yum et al., 2002) . They are localized predominately in the ER or Golgi (Deschênes et al., 1997; Oh et al., 1997; Martin et al., 2000; Matsuyama et al., 2001; Kleopa et al., 2002 Yum et al., 2002) and are degraded via endosomal and proteasomal pathways (VanSlyke et al., 2000; Kleopa et al., 2002) . Several mutants, the majority of which occur in the C-terminal domain, were mainly localized on the cell membrane and show no significant difference from WT protein , but they may be less stable or have abnormal biophysical properties (Rabadan-Diehl et al., 1994; Castro et al., 1999; Abrams et al., 2000) . In one case they form leaky hemichannels with severe phenotype (Liang et al., 2005) .
The cellular effects of Cx32 mutants in vitro highlight some structure-function correlations for Cx32 (Abrams et al., 2000) . N-terminal mutations result in altered biophysical properties and may cause reversal of gating polarity by negative charge substitutions. This is in keeping with the role of this domain in the insertion of the nascent polypeptide chain into the ER, and along with the first transmembrane domain in the regulation of voltage gating (Maeda et al., 2009 ). Shifted voltage gating and abnormally increased opening have been shown for several mutants affecting the first and second transmembrane domain, which cause conformational changes (Abrams et al., 2002) . Mutations affecting the cysteine residues in the two extracellular loops, which mediate the interactions between apposed connexons, lead to a loss of functional channels. Mutations of the intracellular loop and C-terminal domain may affect pH gating (Castro et al., 1999) . Two mutations that affect a consensus prenylation motif of Cx32 (C280G and S281X) abolish prenylation, a lipid modification (Huang et al., 2005) .
Several animal models have provided further insights into CMT1X pathogenesis. Mice with targeted deletion of the Gjb1/cx32 gene develop a progressive, predominantly motor demyelinating peripheral neuropathy beginning at ϳ3 months of age (Anzini et al., 1997; Scherer et al., 1998) . Heterozygous females have fewer demyelinated and remyelinated axons than age-matched Gjb1/cx32-null females or males , in keeping with the clinical phenotype of affected women who are obligate carriers of CMT1X. Expression of wild-type human Cx32 protein driven by the rat Mpz promoter prevents demyelination in Gjb1/ cx32-null mice , confirming that the loss of Schwann cellautonomous expression of Cx32 is sufficient to account for CMT1X pathology.
In addition, Cx32 KO mice show subtle CNS myelin defects, including diminished myelinated fiber and myelin volume density, particularly in white matter tracts with prominent Cx32 expression, such as the ventral and dorsal funiculus of the spinal cord (Sargiannidou et al., 2009 ), but also in the neocortex (Sutor et al., 2000) . Optic nerves, which do not significantly express Cx32 (Kleopa et al., 2004) , are free of pathology Sargiannidou et al., 2009) .
Transgenic mice expressing the 175fs, T55I, R75W, R142W, C280G, and S281X Cx32 mutations have also been generated. No Cx32 protein could be detected in 175fs transgenic mice despite expression of the transgenic mRNA . In contrast, R142W transgenic mice showed retention of the mutant protein in the perinuclear region and developed a mild demyelinating neuropathy . Moreover, the presence of the mutant Cx32 reduced the level of the endogenous mouse Cx32, indicating that R142W may have dominantnegative interactions with the WT protein. However, this is not clinically relevant in patients with CMT1X as only one GJB1 allele is expressed in each cell. The R142W mutant did not affect the coexpressed Cx29 in Schwann cells (Jeng et al., 2006) . The C280G and S281X mutants were properly localized to incisures and paranodes of myelinating Schwann cells and even prevented demyelination in Gjb1/ cx32-null mice, indicating that they may form functional channels in the myelin sheath (Huang et al., 2005) . How they cause neuropathy in humans remains unclear.
Transgenic mice that express the T55I and R75W mutants in both Schwann cells and oligodendrocytes were generated to clarify whether Cx32 mutants associated with CNS phenotypes could have gain-of-function effects in oligodendrocytes. In myelinating cells, as in cultured cells, these Cx32 mutants are retained intracellularly and fail to reach the membrane and to form GJ-like plaques. The T55I mutant is localized in the ER and the R75W mostly in the Golgi. On a Gjb1-null background they cause a progressive demyelinating neuropathy as well as mild CNS myelination defects. However, they do not appear to affect the expression and localization of coexpressed Cx29 in Schwann cells or Cx29 and Cx47 in oligodendrocytes. Similar to R142W, and without clinical relevance, the Golgi-retained R75W mutant impairs the expression of endogenous Cx32 on a WT background. Thus, the loss of Cx32 function appears to be the main effect of the T55I and R75W mutants, in both the PNS and the CNS (Sargiannidou et al., 2009) .
Together, the effects of Cx32 mutants expressed in vivo correlate with their localization in myelinating cells and in transfected cell lines (Deschênes et al., 1997; Kleopa et al., 2002; Yum et al., 2002) , and indicate that altered synthesis or trafficking and loss of GJ function is the fundamental mechanism in most CMT1X mutants both in PNS and in CNS myelinating cells.
Axonal involvement in CMT1X
Axonal pathology in CMT patients is an important determinant of disability, and correlates with clinical progression not only in axonal forms but also in primarily demyelinating CMT types (Krajewski et al., 2000) . In the typical demyelinating CMT1 forms, axonal pathology is thought to be secondary to demyelination (Giese et al., 1992; Martini et al., 1995; Sancho et al., 1999) . In contrast, the mixed axonal and demyelinating clinicopathological features of CMT1X (Hattori et al., 2003; Yiu et al., 2011) suggest that axonal alterations develop early, and even in the absence of demyelination. Experimentally, mutant Schwann cells from CMT1X patients transplanted into sciatic nerves of nude mice induced increased density of axonal neurofilaments, depletion of microtubules, and increased density of vesicles and mitochondria without demyelination (Sahenk and Chen, 1998) .
Although the initial characterization of Gjb1-null mice showed that demyelination preceded axonal loss (Anzini et al., 1997; Scherer et al., 1998; Sargiannidou et al., 2009) , we have recently reinvestigated this issue in Gjb1-null mice at the ages of 2-4 months, before the onset of demyelination (Vavlitou et al., 2010) . At the age of 4 months, only ϳ5% of fibers are abnormally myelinated and only ϳ1% are completely demyelinated, whereas at 2 months, demyelination has not yet started (Anzini et al., 1997; Sargiannidou et al., 2009 ). This study showed that the diameter of the myelinated axons was progressively reduced in Gjb1-null mice while neurofilaments were increasingly dephosphorylated and more densely packed. These cytoskeletal alterations were associated with slowing of axonal transport (Vavlitou et al., 2010) . Thus, impaired cytoskeletal organization and axonal transport defects appear to precede demyelination in this mouse model, providing clues to the mechanisms of early axonopathy in CMT1X. Disturbed axon-glial signaling and glial support of axon function (Nave and Trapp, 2008 ) is likely to account for this axonal pathology independent of myelination ( Fig. 2) .
Future challenges and perspectives in CMT1X
CMT1X, like other CMT forms, remains an incurable disease. Both clinical studies of large series of CMT1X patients as well as established disease models (above) suggest that most GJB1 mutations appear to cause CMT1X through loss of normal Cx32 function. Since CMT1X results from cell-autonomous loss-of-function Cx32 mutations , therapeutic gene delivery specifically to Schwann cells is likely to succeed in preventing the neuropathy and should be a priority in future research efforts. There have been previous attempts to deliver therapeutic genes to intact Schwann cells with adenovirus and adeno-associated virus, which did not provide significant results (Sørensen et al., 1998) , mainly due to Figure 2 . Pathomechanisms in CMT1X. This diagram illustrates the main molecular-pathological mechanisms occurring in myelinated fibers of CMT1X patients, which have also been reproduced in animal models. Loss of GJs formed by Cx32 in non-compact myelin areas of myelinated fibers leads to impaired Schwann cell-axon interaction and primary axonal pathology. Major aspects of this include impaired phosphorylation and increased packing density of neurofilaments (NF), slowing of axonal transport, and axonal de-and regeneration. In parallel, the myelin sheath shows characteristic alterations including a gradient of pathology with discompaction of the innermost layers and vacuole formation (arrowheads), leading eventually to de-and remyelination. Electron microscopy images of control and CMT1X nerve fibers illustrate these changes (m, myelin; a, axon). Immune cells may be recruited to the nerves following these pathological changes, and their action may further exacerbate CMT1X pathological changes.
inefficient transduction in the cells of interest and host immune response. Alternative methods of gene delivery have also failed, as transient expression limits the nonviral gene delivery approach using naked DNA, and the stem cell approach is hampered by the difficulties of differentiation into Schwann cells (Shy, 2006) . Lentiviral vectors may be a possible tool for gene delivery to Schwann cells, as they have reached the clinical trial stage (Levine et al., 2006) and clinical translation of such vectors aimed at treating neuromuscular disorders may ultimately be feasible. They combine the advantages of long-term transgene expression (Kordower et al., 2000; Azzouz et al., 2004) , minimal immunogenicity, ability to accommodate larger transgenes, and the capacity to form pseudotypes with a wide variety of different glycoproteins (Federici et al., 2009) . Specific expression in Schwann cells can be achieved under the control of a myelin-related promoter such as the myelin protein zero (MPZ) or even the "glial promoter" of GJB1 itself.
One concern is the dominant effect on endogenous WT Cx32 of Golgi-retained mutants such as R75W (Sargiannidou et al., 2009) or R142W (Jeng et al., 2006) , which have been expressed in vivo. While this dominant-negative effect is not clinically relevant for patients, since only one GJB1 allele is expressed in each cell, it may raise concerns for future gene replacement therapies. In this scenario, the endogenous mutant protein could potentially attenuate the expression and function of exogenously delivered WT Cx32. Whether this possibility will affect the outcome of such treatment may also depend on the expression levels achieved by the gene delivery methods, and will need to be addressed and clarified in future trials using the available CMT1X mouse models.
Further questions on CMT1X pathogenesis remain. We still have no exact knowledge of the molecules transported through Cx32 GJs in PNS and CNS and how their impaired transport affects the integrity of myelin and axon. The early abnormalities in axonal cytoskeleton dynamics in Gjb1-null mice (Vavlitou et al., 2010) suggest that signaling pathways that regulate axonal cytoskeleton, for example through phosphorylation, are impaired. Perhaps the loss of a signal that depends on these GJs initiates the axonal alterations. The IP 3 -receptor-3 colocalizes with Cx32 in the paranodal areas of Schwann cells (Toews et al., 2007) . During neural activity, intracellular Ca 2ϩ rises through the IP 3 signaling cascade and undergoes rhyanodin-dependent released from ER specifically at areas of non-compact myelin (Lev-Ram and Ellisman, 1995) . Loss of Cx32 GJs may impair the radial spread of Ca 2ϩ signals and second messengers initiated during action potential propagation (Toews et al., 2007) . In vitro studies have shown that GJs allow the diffusion of Ca 2ϩ -mobilizing second messengers across coupled cells (Anselmi et al., 2008) and intracellular calcium concentration regulates Cx32 hemichannel opening (De Vuyst et al., 2006) . It remains to be determined whether Cx32 GJs in non-compact myelin areas of myelinated fibers serve as conduits for the rapid radial spread of these Ca 2ϩ and IP 3 signals required for axonal integrity.
Impaired energy supply is another possibility, since Schwann cell GJs play a role in delivering glucose to the axons (Véga et al., 2003) . Finally, a number of studies support the role of secondary immune mechanisms in the pathological changes observed in CMT1X mouse models (Kobsar et al., 2003; Groh et al., 2010 ). This appears to be a more general phenomenon shared by other inherited demyelinating neuropathies (Ip et al., 2006) . Whether immunomodulation could offer additional therapeutic opportunities for CMT patients and CMT1X in particular requires further study.
